Abstract-This paper reports on integration of microelectromechanical systems (MEMS) balance chips with aerosol inertial impactors for real-time monitoring of airborne particulate matter. Cascade inertial impactors have been extensively used for sampling and size separation of micro to nano-size airborne particles since they were first used in 1945. To introduce the real-time measurement capability to such tools, herein, MEMS resonator chips are employed as their impaction substrates. Dualplate thermal-piezoresistive resonators (TPRs), that are shown to operate as promising mass balances, are integrated within a twostage custom made aerosol impactor capable of size segregating particles down to a few tens of nanometers. Unlike cantileverbased microbalances or resonators operating in their bulk mode, TPRs provide uniform mass sensitivity over a big portion of their surface area. Upon deposition of airborne particles on the resonant sensors, the mass loading on each sensor and as a result the mass concentrations of size-segregated particles is measured in real-time. The air quality of different environments, including a class 10,000 cleanroom, was analyzed and monitored via the real-time impactor over a four day period. Comparison of the results with those of an optical particle counter demonstrates a clear correlation between the system response and the expected particle counts. Compared to existing optical particle counters, the proposed system offers the added advantage of detecting sub100nm particles.
decreased lung function, and increased respiratory symptoms, such as irritation of the airways, coughing or difficulty breathing [1] [2] [3] . According to the United States Environmental Protection Agency (EPA), many lives are lost each year from exposure to fine particles (PM2.5, 2.5 micrometers in diameter or less) [4] . Monitoring and checking the air quality in urban areas as well as workplaces on a frequent basis can help significantly reduce the exposure to air pollution by adjusting strenuous open-air activities, changing location, and improving ventilation when an unhealthy Air Quality Index (AQI) is identified.
From the industrial standpoint, aerosol contamination control is a growing area of concern in many industries requiring clean and ultra-clean facilities such as pharmaceutical and semiconductor manufacturing. In particular, aerosol contaminants in semiconductor and electronics manufacturing cleanrooms can limit the minimum feature size of integrated circuit elements [5] . Therefore, it is mandated that the concentration of airborne particles in such environments is continuously monitored and kept within the standard limits to help guarantee processing yield and quality of the products. To address the needs mentioned above, a variety of aerosol sampling and particle counting techniques have been developed over the past decades, some of which are dielectrophoresis [6] , [7] , deterministic lateral displacement (DLD) [8] , [9] , hydrophoretic separation [10] , standing surface acoustic waves (SSAW) [11] , hydrodynamic filtration [12] , and Sedimentation [13] . More often than not, such methods are either not suitable for nanoscale particle separation or cannot be applied to airborne particulate matter. On the other hand, optical particle counters, that operate based on reflection of scattered light by particles passing through a laser beam, have been the primary options for detection and analysis of aerosol particles in environmental and industrial applications for many decades [14] [15] [16] [17] . Since the amount of light scattered by particles is sharply dependent on their size, smaller particles are invisible to such systems and therefore they can only detect particles as small 0.3 μm. Higher end versions of such systems utilizing higher-intensity and lower-wavelength laser sources can detect particles down to 0.1 μm but even those cannot differentiate between different particle sizes [18] , [19] . This is while in the state of the art semiconductor industry, for instance, with transistor sizes in the sub-100 nm range, monitoring and controlling the concentration of much smaller particles are of great interest. Inertial impaction, on the other hand, is another widely used airborne particulate sampling technique that can collect particles with diameters as small as a few nanometers [20] [21] [22] . Aerosol impactors operate based on the principle that if an air stream is directed onto a surface, particles of sufficient inertia (large enough in size) will impact upon the surface and be collected, while smaller size particles escape collision and remain airborne (see Fig. 1 ). Cascade impactors can segregate collected particles into several (up to 13 commercially available) size ranges, but such systems typically offer no automated or real-time processing capability. Typically, after collection of enough particle mass, the impaction plates are taken out of the system and manually weighed to determine the mass of particles within each specific size range. In order to collect enough particle mass within a short period of time, such systems need to have a large air flow intake in the order of tens of liters per minute. This necessitates a large size and weight for the system along with a powerful and power hungry vacuum pump to establish the required air flow. Among available aerosol impactors, Electrical Low Pressure Impactors (ELPIs) have enabled real-time detection of particles by initially charging them into a known charge level and then measuring the electric charge of the collected particles using sensitive electrometers [23] , [24] . In such systems, however, the electrical forces present in the impactor affect collection of particles which can result in significant fine particle losses due to space-charge effects [25] . Here we propose integration of MEMS resonant balances with cascade aerosol inertial impactors for real-time sampling and mass concentration measurements of airborne particulate matter. The real-time impactor technology we are presenting here offers the prospects of real-time monitoring/counting of airborne particles in different size ranges down to a few nanometers, while significantly reducing the size, weight, and cost compared to the existing instruments used to determine the mass distribution of atmospheric or industrial particles [26] . The proposed system consists of MEMS chips containing resonant mass balances employed as the impaction substrates of a miniature cascaded aerosol impactor (Fig. 1) .
The remainder of this paper is organized as follows. Section II describes the principle of operation and fabrication of the MEMS resonant balances. Section III discusses the working principle and design of the inertial aerosol impactors. Section IV presents the impactor fabrication, the chip/ impactor alignment technique as well as plug-n-play electrical connections and assembly procedures. Results and discussions are also presented in section V.
II. DEVICE DESCRIPTION AND FABRICATION
Microchips containing four identical MEMS resonant balances with metallic interconnects, are fabricated on 10 μm thick Silicon-On-Insulator (SOI) substrates using a two mask fabrication process (Fig. 2) . Thermal-piezoresistive MEMS resonant structures with plate sizes ranging from 50 μm to 400 μm, operating in several MHz range, are utilized as highly sensitive MEMS resonant balances. Thermally actuated micromechanical resonators have shown suitability and robustness for airborne particle cumulative mass measurements with sensitivities as high as 1.6 kHz/pg [27] . The fabrication process starts with defining the metallic patterns on the silicon device layer using a relatively thick photoresist layer followed by e-gun evaporation of 20 nm and 300 nm thick Cr and Au layers, respectively. The chromium layer only acts as an adhesion layer between gold and silicon. The metallic pads are then generated via lift-off (Fig. 2a) . The process continues with patterning and defining the device structures via deep reactive ion etching (DRIE) (Fig. 2b) . Next step includes dicing the wafer into microscale chips with predetermined exact dimensions (4×8 mm 2 ) (Fig. 2c) . Finally, the chips are dipped in hydrofluoric acid (HF) to release the structures by removing the underlying buried oxide layer (Fig. 2d) . Figure 3 shows the scanning electron microscope (SEM) view of a 2.87 MHz dual-plate thermally actuated resonant structure. The upper right inset of Fig. 3 shows the chip size containing four identical MEMS balances in comparison with a dime coin. The short narrow beams connecting the two plates are responsible for both thermal actuation and piezoresistive sensing of the device. Thermal actuation occurs by passing a combination of dc and ac electrical current components through the actuator beams. The ac force generated in the beam as a result of the fluctuating temperature and therefore alternating thermal stress in the beam, can actuate the resonator in its in-plane resonance mode (as shown in the lower right inset of Fig. 3 ). The required resistors and capacitors for ac and dc isolation are also illustrated on the same inset. Modulation in the resistance of the same actuator beam due to the mechanical vibrations allows monitoring of the resonator vibration amplitude via the piezoresistive effect [28] . Due to the nearly rigid body of the moving plates of the resonators, their deformation in the in-plane resonance mode is negligible. Therefore, the whole plate vibrates with relatively uniform vibration amplitude. As a result, the effect of similar particles added to different locations on the plate, on the overall resonance frequency of the structure will be the same (uniformity of mass sensitivity) [29] .
The frequency of the resonator can be determined by the following equation:
where k and m are spring constant and mass of the structure. A resonator can be used as a mass balance based on the principle that if an extra mass is added on the resonator surface the resonant frequency reduces according to:
where f and m are the frequency shift and the mass loading on the resonator surface.
III. AEROSOL IMPACTORS: WORKING PRINCIPLE AND DESIGN
Typically an impactor is made up of a number of classification stages each consisting of one or multiple nozzles and an impaction substrate beneath the nozzles as shown in Fig. 1 . In each stage an aerosol stream passes through the nozzles and impinges on the impaction plate. Particles in the stream having large enough inertia will impact upon the plate, while smaller particles escape collision and will pass onto the next stage. By designing each successive stage with higher aerosol velocities in the nozzle, smaller diameter particles will be collected at each stage.
The primary parameter that governs the collection of particles in an inertial aerosol impactor is the Stokes number, St, defined as [30] 
where ρ p is the particle density, C is Cunningham slip correction, V 0 is the average air velocity at the nozzle exit, D p is the particle diameter, μ is air viscosity and W is the nozzle diameter. Stokes number is a dimensionless parameter that can be used to predict whether a particle will impact on an impaction plate of stage or will follow the air streamline out of the impaction region and remain airborne. Typically √ St 50 is defined as the value of √ St corresponding to D p50 , which is the value of D p collected with 50% efficiency. Thus,
Cunningham slip correction factor can be found using [30] 
where P 2 is static pressure at the impaction plate. Units for P 2 and D p are atm and μm, respectively. Smaller particles can be collected if the particle slip correction is increased by operating the impactor at lower pressures. The most important characteristic of an impactor stage is, however, the collection efficiency curve which indicates the percentage of particles of any size which are collected on the impaction plate as a function of the particle size. It is desirable for the efficiency curve to have a sharp division between the particles collected and those which are not. As shown by [30] , the sharpness of cut is best for Reynolds numbers between 500 and 3000 which correspond to √ St 50 of 0.47. Reynolds number is a dimensionless number that quantifies the relative importance of inertial forces to viscous forces and is defined as
where Q = n(π W 2 4)V 0 , ρ is air density, Q is volumetric flow rate through the nozzles and n is the number of nozzles. Given that the volumetric flow rate is known, the number and diameter of the nozzles on each stage can be determined so as to achieve the desired cut-off characteristics [31] . The flowchart shown in Fig. 4 briefly depicts the design process of a single-stage aerosol impactor. The same approach can be applied to design the successive stages of a cascade aerosol impactor for collecting smaller particle sizes on the subsequent impaction plates. Further pressure drop in the subsequent impaction plates, which results in a larger slip correction, leads to an additional drop in the size of collected particles and therefore should be taken into account. Assuming a volumetric flow rate of 0.5 LPM, a two-stage aerosol impactor with parameters summarized in Table I is designed to achieve cut-off sizes of 250 nm and 50 nm within the two stages of the impactor.
The other two important physical parameters associated with impactor nozzles are jet to plate distance S and nozzle throat length T (shown in Fig. 1 ). As a design criterion, the jet to plate distance and the throat length should be at least equal to the nozzle diameter in order not to influence the cut-off characteristics. The inlet section of the nozzles is also normally tapered to allow sufficient time for the particle to accelerate to the fluid velocity.
IV. EXPERIMENTS

A. Impactor Parts Fabrication
The three components of the designed two-stage aerosol impactor, including the two nozzle plates and the lower chamber were machined out of aluminum (see Fig. 5 ). Stages 1 and 2 consist of two 250 μm and six 100 μm diameter nozzles, respectively. The two nozzles on stage 1 are the air inlets to the system while the outlet connected to the pump is embedded in the lower chamber. Face seal glands in the impactor parts are created to house the O-rings during assembly. The O-rings would be responsible for sealing the chambers inside the impactor. The dimensions of the glands are precisely designed using Parker O-ring Handbook (Seals 1992) and machined accordingly. The appropriate O-rings are then selected using the same Handbook and purchased from Parker Hannifin Corporation. Despite accommodating metallic traces, the coating on the PCB surface helps with eliminating some of the non-uniformities on the PCBs. Besides, O-rings can be stretched and squeezed to compensate any remaining non-uniformity and create a proper seal with the PCB. It should be noted that the bolt holes on the PCB fall outside the sealed region and do not disrupt the sealing procedure.
Four boreholes carved around the impactor parts can also accommodate four bolts for tightening the parts after assembly. Three alignment pins are formed on each of the two nozzle plates with precise locations with respect to the nozzles and can help with aligning the nozzles with the microscale balances as discussed later on. The faces, on which the alignment pins are formed, are recessed partly to form an upper-chamber on each stage as well as to provide the desired jet-to-plate distance S between the nozzles and the MEMS chips.
B. Alignment Technique and Assembly
The main challenge for collecting airborne particles on a microscale device is to accurately align the aerosol jet stream with the device. A relatively simple approach has been devised here to overcome the issue. The three precisely machined alignment pins on the inner side of the impactor plate (see Fig. 5 ) can be employed to align the microscale resonators underneath the nozzles. After placing and fixing the chips on custom-made printed circuit boards (PCBs), the alignment is performed by pushing the pins against the edges of the resonator chips (Fig. 6a) . Holes drilled in the PCB allow visual inspection of the position of the alignment pins with respect to the sample during assembly. To achieve perfect alignment, the position of the pins with respect to the nozzles on the impactor plate and that of the resonators on the chips were carefully considered and matched in the designs. Figure 6b schematically shows different elements and their positions with respect to each other when the alignment is performed. As one can see, once the pins come into contact with the edges of the chip, the nozzles are exactly aligned with the MEMS balance plates. After aligning the resonator chips with the impactor nozzles, the three impactor parts and the two PCBs are fixed together using bolts as shown in Fig. 7 .
C. Plug-n-Play Electrical Connections
In order to eliminate the need for wirebonding individual chips to the metal tracks on the PCB and allow easy and reliable replacement of MEMS sensor chips on a frequent basis, a simple and convenient technique to make electrical connections to the resonator chips is proposed. This is important because as it will be discussed later on, after collecting a significant amount of particulate mass on the resonator surface, the added friction lowers the resonator quality factor and Components of the custom-made two-stage aerosol impactor machined out of aluminum. eventually stops its operation. This necessitates cleaning or replacement of the resonator chips after a few hours or days of operation (depending on the particulate mass concentration in the sampled air). The strategy envisioned here involves utilizing metallic films on the device electrical pads and plugin connectors on the PCB.
Specifically designed PCBs (Fig. 8a ) are used to implement metal to metal connections for the fabricated devices. A recessed area the size of the microchip was created in a machined Aluminum piece acting as the chip holder (Fig. 8b) . Another recessed area the size of the chip holder was formed on the backside of the PCB (Fig. 8c) . Gold coated metal pins with proper dimensions were extracted from an off-theshelf connector assembly and soldered onto the PCB metal traces extending over the open area on the PCB (Fig. 8a) . Placing the chip holder from the backside into the recessed area on the PCB (Figs. 8c and 8d) brings the gold pads on the microchip in contact with the gold coated metal pins soldered on the PCB (Fig. 8e ). The chip holder is then fixed to the PCB using small bolts (Fig. 8e) . Indeed, the spacing between the metal pads on the microchip and the metal tracks on the PCB, as well as their location with respect to the edges of the microchip/PCB have been carefully designed to match. The size of the microchips and the metal pads on them are 4×8 mm 2 and 800×800 μm 2 , respectively. Figure 8f illustrates a microscope image of the metal pins contacting the metal pads on the micro-chip showing proper alignment of the micro-features.
V. RESULTS AND DISCUSSIONS
Thermal-piezoresistive resonant mass balance chips were used in the two stages of the impactor to individually monitor concentrations of size-segregated particles in different environments. Resonators with the plate sizes of 400 μm (1.1 MHz) and 100 μm (4.8 MHz) were used within the stage 1 (nozzle size of 250 μm) and stage 2 (nozzle size of 100 μm) of the impactor, respectively. This is to provide the best possible mass resolution while keeping the plate size larger than the nozzle diameter at each stage. In this manner, the majority of the particulate matter will be collected on the resonator surface and contribute to frequency shifts. A Parker's T2-05 micro diaphragm pump was used and operated at 0.4 W to deliver 500 mLPM of air into the impactor assembly. Air samples from different sources including the laboratory, an air purifier, a class 10,000 cleanroom and the gowning area of the cleanroom were analyzed by deposition of aerosols onto the resonator chips using the impactor assembly. Figure 9 shows SEM views of the two thermal-piezoresistive resonators after ∼2 hours exposure to the flow of airborne particles through the impactor nozzles, showing good alignment between the nozzles and the resonators. As expected, particles collected in the first stage have clearly larger diameters (∼250 nm and above) compared to particles collected in the second stage (between 50 nm and 250 nm).
The resonance frequencies of the resonators embedded in the impactor were carefully monitored over periods of 10 to 30 min in different environments. Figure 10 shows the collected frequency data of the resonators embedded in the two stages of the impactor over time.
Taking the impactor collection efficiency of 50% into account, the particulate mass concentrations in laboratory, air purifier, gowning room area and cleanroom air samples are calculated to be 0.249, 0.091, 0.028, and 0.014 μg/m 3 for particles larger than 250 nm and 0.195, 0.107, 0.057, and 0.033 μg/m 3 for particles between 50 nm and 250 nm, respectively. Similar experiments were repeated five more times Fig. 10 .
Real-time change in resonance frequency of the thermalpiezoresistive mass balances as being exposed to airborne particles in different environments. Fig. 11 . The recorded mass concentration levels and particle counts using the real-time impactor assembly over a two-day period; S1 and S2 refer to Stage 1 (particles larger than 250 nm) and Stage 2 (particles between 50 nm and 250 nm), respectively. during two successive days for which the ranges of results are summarized in Fig. 11 . The red bars indicate the ranges of size segregated particulate mass concentrations measured through the resonators of the two stages over the two-day period. Assuming the average diameter of the collected particles on the first and second stage to be 500 nm and 100 nm, respectively, the estimated numbers of size segregated particles in different environments are also illustrated in Fig. 11 by the blue bars.
The same experiment was performed to monitor concentrations of size-segregated particles in the cleanroom environment over a four day period. By turning the miniature vacuum pump on and off particles were collected on the resonator surfaces over a number of 30 minute intervals while monitoring resonator frequencies over time using two separate network analyzers. The number of particles (per cubic meter of cleanroom air) in two size ranges was calculated (Fig. 12) . The number of larger size particles matches the measurement results performed by a Lasair III optical particle counter, with the smallest detectable particle size of 300nm. The results also demonstrate that there is a direct correlation between the Fig. 12 . Number of size segregated particles per cubic meter of UT Dallas cleanroom air monitored by the real-time impactor over a period of four days and its correlation with the average number of users present in the cleanroom. Number of particles above 250 nm is confirmed using an existing particle counter, with the smallest detectable particle size of 300 nm.
number of large size particles and average number of operators present in the cleanroom while the correlation is not as strong for smaller particles.
After collecting a significant amount of particulate mass, the added friction lowers the resonator quality factor and eventually stops its resonance. Experiments performed on thermal piezoresistive particle balances show that such devices typically stop working after collecting particle mass in the order of 3% of the mass of the resonator. This correlates to a few hours or days of operation depending on the particulate mass concentration in the sampled air. Even though this is more than enough to collect a large number of particles for a statistically valid distribution analysis, finding a way to effectively and easily remove the collected particles from the devices can minimize the cost and effort associated with sensor chip replacement. A carbon dioxide snow jet is utilized here as a non-destructive, residue-free, and environmentally friendly tool to clean up the devices after collecting a significant amount of particulate mass on the resonator plates. Surface cleaning using a carbon dioxide snow jet incorporates a highvelocity stream of small dry ice particles and gas which is directed towards a contaminated surface. In effect, liquid carbon dioxide sprayed out of a nozzle at an extremely high pressure is angled at the resonator plates to dislodge the particles off the surface of the resonator. Once in contact with the atmosphere, the liquid CO 2 turns into minute solid particles having a force large enough to dislodge the particles collected on the plates but not sufficient to damage the sensor chip. To help the dry ice evaporates instantly upon collision with the surface and also enhance particle removal, the chips are firmly fixed on a hotplate which is already set at 100 o C. Using this technique, 99.9% of submicron particles can be easily removed from the sensor surface (Sherman et al. 1994 ). Figure 13 shows optical microscopic images of the samples used for airborne particulate analysis before and after removing of the particles from the resonators surfaces.
VI. CONCLUSION AND FUTURE WORK
A low-cost handheld platform for real-time air quality monitoring was introduced by taking advantage of MEMS balance chips acting as the impaction substrates of a custom-made miniature cascade inertial impactor. A two-stage low flow rate cascade impactor was designed, fabricated and utilized along with thermal-piezoresistive resonant mass balances for realtime mass concentration monitoring of size segregated airborne particles. A simple and effective technique was devised to align the microscale MEMS balances with the impactor nozzles. Furthermore, to allow quick and reliable replacement of MEMS sensor chips and simplify the assembly process, plugn-play electrical connections were implemented, eliminating the need for wirebonding. Airborne particles from a number of different sources including regular laboratory, air purifier and cleanroom area were deposited on MEMS balances using the impactor assembly and the air samples were analyzed in real-time. Size segregation of aerosols into two size fractions was successfully carried out in complete agreement with the original design values; particles larger than 250 nm were deposited on the resonant structures of stage 1 and those within 50-250 nm range were collected on the structures of stage 2. Clear resonance frequencies shifts leading to particulate mass concentrations and particle counts in accordance with the expected particulate mass levels in different environments, show the capability of the implemented system for realtime monitoring of air-borne particle mass concentrations. For instance, the number of particles larger than 250 nm in UT Dallas cleanroom environment was monitored over a four day period (using a single sensor chip) and the measurement results were validated with an optical particle counter. The proposed system has the added advantage of providing concentration data for smaller nanoscale particles invisible to optical detectors. Carbon dioxide snow cleaning is also demonstrated here to be an effective and non-destructive method to clean the surface of resonators after collecting a significant particulate matter on it. Future work includes extreme miniaturization of aerosol impactors by integration of the mass balance and impactor components on a single chip that can potentially be integrated within a smart phone or a very small clip-on device. Such configuration would address any possible misalignment issue between MEMS resonators and nozzles. Furthermore, smaller nozzle diameters achievable through microfabrication can minimize the air flow and therefore pump capacity and power requirements.
